when co-housed with MNV-infected mice (32). This article was submitted to an online preprint 9 9 archive (33). To understand the influence of viral and host factors involved in HuNoV replication, we sought to 1 0 6 generate several human cell lines stably replicating HuNoV RNA. To this end, BHK-21 cells were 1 0 7 transfected with capped Norwalk replicon RNA harbouring a neomycin selection marker (14) and 1 0 8 subjected to G418 selection 48 hours after transfection (Fig. 1A) . Although the vast majority of the 1 0 9 cells died within one week, individual cell colonies were observed and subjected to limiting dilution.
A single high-expressing clone was selected and expanded to generate stable replicon-containing 1 1 1 BHK-21 cells (BHK-NV). VPg-linked RNA extracted from these cells was transfected into HGT 1 1 2 cells, a cell line of epithelial origin which was subsequently selected on the basis of their G418 1 1 3 resistance in order to generate human norovirus replicon cells (HGT-NV). These HGT-NV cells were 1 1 4 either collected as a population or subjected to limiting dilution to produce HGT-NV cell clones. The host cell adaptation, wild-type VPg-linked RNA extracted from BHK-NV cells was re-transfected in 1 3 9
both HGT and HGT-Cured cell lines that were subsequently selected for 5 days with G418. As shown 1 4 0
in Fig. 2A , HGT-Cured cells gave rise to a greater number of stable replicon colonies than parental RNA were significantly higher in HGT-Cured cells when compared to HGT cells. Noroviral RNA 1 4 5 levels further increased at day 6 to yield a 15-fold difference between HGT-Cured and HGT cells. Quantification of transfected VPg-linked viral RNA at 6h post transfection revealed similar levels in 1 4 7 both HGT and HGT-Cured cells suggesting that IFN treatment did not alter the ability of HGT-Cured 1 4 8 cells to be transfected (data not shown). We thus concluded that HGT-Cured cells possess a greater 1 4 9 degree of permissiveness to viral replication than parental HGT cells. Increased replication of HuNoV VPg-linked RNA in HGT-Cured cells suggests that these cells (Tables S2 and S3 ). We first compared the gene expression profiles of HGT-NV cells relative to their 1 5 7
HGT controls. As seen in Figure 3A , more than 2000 genes (HGT-NV-vs-HGT: 2074, HGT-Cured-1 5 8 vs-HGT: 858) were identified for which mRNA expression was significantly modified at a FDR lower 1 5 9 than 0.01. Of these, a minority of 151 genes had expression changes in either direction greater than 2- HGT cells and HGT-Cured cells led to identification of 101 genes for which expression was 1 6 3 differentially regulated between the two cell lines (Tables S4-S5 ). To confirm these observations and to probe for the accuracy of gene expression measured by microarray analysis, we first compared raw microarray signal intensities with differences in cycle threshold obtained by real-time PCR 1 7 0 displayed the same trends suggesting that similar fold changes were primarily the consequence of 1 7 1 gene expression differences and were not an artefact resulting from different gene normalization 1 7 2 techniques. Differential gene expression at the protein level of selected genes was further confirmed 1 7 3 by western blot analysis ( Fig. S1A-B ). Taken together these data extensively confirms the reliability 1 7 4 of gene expression measurements by microarray analysis. landscape with that of parental HGT cells ( Fig. 3C and Table S4 ). While genes coding for IFITM2, fold decrease in IFNLR1 expression when parental HGT cells were compared to HGT-NV or HGT-
Cured cells. In contrast, no significant difference was observed when IL10RB gene expression was Sensing of cytosolic RNA and DNA PAMPs by the innate immune system is functional.
To examine whether HGT-NV and HGT-Cured cells were able to detect and mount an innate immune derived cell lines and viperin expression levels were measured by RT-qPCR ( Fig. 4A-B ). Although the cell lines exhibited upregulation of viperin mRNA to various extents, a significant increase of 1 9 7 viperin expression above basal levels was detected in all the three cell lines in response to both comparable across the three cell lines, evident by the relative ratio with respect to β-actin, we 2 0 0 concluded that PAMP sensing and downstream signalling pathways are functional in these cell lines. The ability to respond to type III but not type I IFN in HGT-NV and HGT-Cured cells is
We next investigated the ability of type I and type III interferons to elicit ISGs induction. To this end, 2 0 4 cells were incubated with human IFN-β or IFN-λ2 for 16 hours and viperin expression levels were responded to exogenous type III IFN (IFN-λ2) treatment, HGT-NV and HGT-Cured cells did not 2 0 8
( Fig. 5B ). To test whether the absence of ISG expression is linked to a defect of STAT1 anti-STAT1 phospho-specific antibodies. We observed that although STAT1 was phosphorylated in 2 1 2 all cell lines following IFN-β treatment (Fig. 5C ), no STAT1 phosphorylation was detected in HGT-2 1 3 NV and HGT-Cured cells following IFN-λ2 treatment (Fig. 5D ). To ensure that the absence of 2 1 4 STAT1 phosphorylation in HGT-NV cells is not due to a potential clonal effect, different clones as represented here by clone 2 (C2) and the polyclonal cell population responded to IFN-β but not to HGT cells that sustained HuNoV replication. To directly test whether the down-regulation of IFNLR1 expression measured in HGT-NV and Cured 2 2 2 cells is responsible for their unresponsiveness to lambda interferon, cells were transfected with an 2 2 3 IFNLR1-expressing plasmid and stimulated with IFN-λ2 the day after. We observed that IFNLR1 2 2 4 expression rescued STAT1 phosphorylation in response to interferon lambda suggesting that IFNLR1 possibly JAK2 (40) is functional and leads to the phosphorylation of STAT1.
2 2 8 To directly test the influence of type I and type III IFNs on HuNoV replication, HGT cells lines 2 3 1 deficient either for the interferon alpha/beta receptor IFNAR1 or for the interferon lambda receptor 2 3 2 IFNLR1 were generated using CRISPR/Cas9-mediated genome editing. To this end, parental HGT viperin induction by RT-qPCR ( Fig. S2A-B ). VPg-linked viral RNA was then transfected and cells 2 3 7
Inactivation of interferon type I and III receptors increases HuNoV replication in epithelial
were selected in the presence of 0.5mg/mL G418 for up to 6 days. Relative to day 0 taken as 2 3 8 reference, we observed a significant increase in genomic viral RNA in all cell lines with the exception 2 3 9
of parental HGT cells corroborating the antiviral activity of both type I and type III IFNs on HuNoV 2 4 0 replication ( Fig. 7) . Similarly, an increased ability of modified cell lines to promote colony formation 2 4 1 induced by the HuNoV replicon was observed (data not shown). The dimeric interferon lambda receptor consists of the ubiquitously expressed IL10RB chain subunit 2 4 4 and the interferon lambda specific chain IFNLR1 whose expression is limited to cells of epithelial were incubated in the presence 5-aza-2'-deoxycytidine (5azadC), a deoxynucleoside analogue that 2 4 9 strongly inhibits DNA methyltransferase (DNMT) activity. As shown in Fig. 8A , we observed a 2 5 0 significant 6-fold increase of IFNLR1 mRNA levels in HGT-NV cells when compared to cells 2 5 1 incubated with the vehicle only. A statistically significant increase in IFNLR1 gene expression was 2 5 2 also observed in the case of HGT-Cured cells but to a lower extent (2.8-fold). In contrast, no change 2 5 3 in IL10RB expression was detected when the same cells were incubated with 5azadC ( Fig. 8B ). In that the presence of replicating HuNoV did not modify the chromatin structure of the IFNLR1 gene (data not shown). Taken together, these results suggest that the replication of HuNoV in HGT methylation of its promoter. were shown to be silenced through gene methylation, rendering Huh-7 cells permissive to HCV 2 9 3 replication (46, 47). An important observation in this study is the upregulation of several IRF3-dependent genes when 2 9 5
HGT-NV cells were compared to parental HGT cells. As IRF3 activation is essential for type I and III influence of HuNoV replication on IFN induction and responses. HuNoV observed in HGT-Cured cells, or that some of the differentially expressed genes identified 3 1 8
have a potent yet unknown proviral activity towards the human norovirus. Overall, our results provide insights into the interactions between the human norovirus and innate 3 2 1 cellular responses and show that endogenous levels of λ-IFNs control HuNoV replication suggesting 3 2 2 that they may have a therapeutic potential in the treatment of noroviral infections. In addition, the 3 2 3
high confidence gene expression datasets provided with this study is expected be useful for the The DNA methyltransferase inhibitor 5-Aza-2′-deoxycytidine (Sigma-Aldrich, A3656) was diluted in Four lineages of HGT, HGT-NV and HGT-Cured cells were grown in tissue culture flasks in the RNA was then reverse transcribed using random hexamers and the M-MLV RT enzyme (Promega). and results are shown as a ratio to levels detected in control cells according to the Δ Δ Ct method (49).
4 8
Additional non-template and non-reverse transcriptase samples were analysed as negative controls. RNA was quantified by one step RT-qPCR using GI NV-specific primers. Viral genome copy 3 5 1 numbers were calculated by interpolation from a standard curve generated using serial dilutions of 3 5 2 viral RNA transcribed from the pNV101 plasmid coding for the full-length Norwalk genome (50). in antibiotic-free growth medium at a density of 2×10 5 or 1×10 6 cells per well in 24-or 6-well plates, Cells were plated on 12 mm glass coverslips and allowed to adhere overnight before fixation with 4% channel scanning to prevent fluorophore bleed-through artefacts due to spectral overlap. Table 7 ). Membranes were washed three times in PBST for 5 min at RT. Species-matched IRDye-800CW secondary antibodies were diluted in blocking buffer as before and 3 9 0 incubated at RT for 1 h. Membranes were washed again three times in PBST for 5 min at RT. Fluorescent signal was detected through an Odyssey CLx infrared imaging system (Li-COR). HGT cells knockout for IFNAR1 or IFNLR1 genes were generated using the CRISPR/Cas9 system.
9 4
Lentivirus vectors encoding single-guide RNAs against IFNAR1 or IFNLR1 were generously replicons and their IFN-cured counterparts. replicates. Viral RNA copy numbers were below the limit of detection in both HGT and HGT-Cured
cells. The dotted line represents the low limit of detection. mRNA expression levels were expressed as differences of cycle threshold (C t ) of viperin, relative to Parental HGT, IFNAR1 and IFNLR1 knock-out cells were transfected with VPg-linked replicon RNA Error bars represent the standard deviation between biological replicates. Direct comparison between microarray signal intensities and difference in cycle thresholds for 5 0 7
ANXA1 and IFITM3 genes. HGT-Cured cell lines. The indicated ratios represent the ANXA1 or IFITM3 protein levels 5 1 0
normalized to the corresponding GAPDH loading controls relative to parental HGT cells. ENC1  ANXA1  LMO3  ADM  PPAP2B  ALDH1A1  DLX5  C11orf88  DACT1  CDH11   CALB2  IGFBP7  IFIT1  ABLIM1  BCHE  NR2F2  BMP4  GREM1  ANGPTL4  DST   DYNC1I1  EGR1  SPRY2  ACTA2  HEY1  MARCKS  BAMBI  VGF  ELF1  ERI1   TMSB4X  EPCAM  NTS  ANKRD32  APOE  FAM5C  WDR72  TACSTD1  KANK1  ARHGAP4   IFITM3  IFITM2  CRABP2  GCG  IFIH1  FSTL5  CITED2  PAGE4  GCA  CDH2   ZDHHC14  ALCAM  LOC389816  RNY4  SNORA61  LCLAT1  KCNQ2 
